Fire has a fundamental role in the Earth system as it influences global and local ecosystem patterns and processes, such as vegetation distribution and structure, the carbon cycle and climate. Since, in the global context, Brazil is one of the regions with higher fire activity, an assessment is here performed of the sensitivity of the wildfire regime in Brazilian savanna and shrubland areas to changes in regional climate during the 21st Century, for an intermediate scenario (RCP4.5) of climate change. The assessment is based on a spatial and temporal analysis of a meteorological fire danger index specifically developed for Brazilian biomes, which was evaluated based on regional climate simulations of temperature, relative humidity and precipitation using the Rossby Centre Regional Climate Model (RCA4) forced by the EC-Earth earth system model. Results show a systematic increase in the extreme levels of fire danger throughout the 21st Century that mainly results from the increase in maximum daily temperature, which rises by about 2°C between 2005 and 2100. This study provides new insights about projected fire activity in Brazilian woody savannas associated to climate change and is expected to benefit the user community, from governmental policies to land management and climate researches.
Introduction
Fire has a fundamental role in the Earth system, influencing global and local ecosystem patterns and processes, such as vegetation distribution and structure. Fires from human activities or natural causes release every year to the atmosphere about 2-4 PgC of radiatively and photochemically active trace gases and aerosols, an amount that represents roughly 30-50% of human emissions from fossil fuel burning (Bowman et al., 2009) . The anticipated decrease of fuel moisture with higher temperatures and higher fuel loads due to the carbon fertilization effect is expected to intensify the frequency and extent of fire, which may lead to further spikes of carbon emissions (Alo and Wang, 2008) . According to the Intergovernmental Panel on Climate Change (IPCC), climate change will likely increase the global risk of extreme fire events (IPCC, 2013) . Furthermore, fire has impacts at the climatological, ecological, social and economic levels, such as those related to changes in the planetary albedo and the global radiative budget, modifications in vegetation condition, degradation potential of the soil and landscape value, damages to endangered species and adverse health effects of smoke haze (DaCamara et al., 2014) .
In this context, Brazil is a key region, being one of the global areas most affected by fire (Bowman et al., 2009) . Several studies focusing on the occurrence of fire in Brazil point out that tropical forests (especially the Amazonian forest), woody savannah (commonly referred to as cerrado), shrubs and grasslands, present the highest numbers of fire events that mainly relate to fire practices to convert natural vegetation to pasture and agriculture (Davidson et al., 2012; MCTI, 2013) . In particular, the Brazilian woody savannas were pointed out as an endangered biome due to deforestation and fire practices (Spera et al., 2016; Shlisky et al., 2009; Pivello, 2011) . Several studies based on models and observations highlighted South America as particularly vulnerable to climate change and have shown that semi-arid regions are an increasingly important driver of inter-annual variability in the carbon cycle, making the study of their future vulnerability to fire occurrence particularly relevant (Hoffmann et al., 2002; Magrin et al., 2007; Poulter et al., 2014) .
In general, climate conditions are a fundamental driver of fire spread, and fire patterns are strongly sensitive to regional climate variability and change. For instance, the intra-annual variability of burnt area over the Brazilian woody savannah mostly relates to the seasonal regime of precipitation. There is a marked dry season from May to September, characterized by very low precipitation amounts and, during the dry period, there is a steady displacement towards higher values of the median, lower and upper quartiles and extremes of the distributions of monthly values of burnt area (Libonati et al., 2015) . This displacement is in agreement with the increase in severity of dryness of the surface (Machado et al., 2014) .
In future decades, Brazil is expected to have an increased likelihood of extreme weather events, together with an increase from moderate to high wildfire potential, as well as a longer fire season. However most of these conclusions derive from studies based on global indices (e.g. Liu et al., 2010) , which are not tailored for the specific regional fire regimes under study.
Global Climate Models (GCMs) are useful tools to assess the evolution of fire behavior induced by future changes in the forcing variables. These models solve mathematical equations that describe the physical processes taking place in the atmosphere, the ocean, and the land surface. Earth System Models (ESMs) further include the biogeochemical processes (IPCC, 2013) . These models are, therefore, useful to help understanding how the Earth's climate is changing and in anticipating natural and anthropogenically-driven variations in the future at the global scale. However, their coarse scale (typically in the order of a few degrees in latitude and longitude), limits the study of finer scale processes, as is the case of fire. In this regard, a great effort has been made by the scientific community in order to provide refined information about future climate using Regional Climate Models (RCMs). The Coordinated Regional Climate Downscaling Experiment (CORDEX) consists in a coordinated effort to develop a set of RCM experiments following a common protocol over regional domains, similar to the Coupled Model Intercomparison Project Phase 5 (CMIP5) framework for GCMs (Giorgi et al., 2009) .
The aim of the present study is to assess the sensitivity of meteorological fire danger in Brazilian savannas and shrublands to changes in climate variables during the 21st Century, using an index of meteorological fire danger suited for the regional fire regime. This exploratory study was performed within the framework of the Brazilian FireLand-Atmosphere System (BrFLAS) Project. As a result from an initiative between Brazil and Portugal, Br-FLAS aims at advancing the scientific and technical knowledge regarding vegetation fires in Brazil namely in what concerns measuring areal and severity extent, estimating atmospheric emissions and transport, determining relations to observed past conditions and inferring possible implications by future climate scenarios (Libonati et. al., 2015) .
For this purpose, we rely on the regional downscaling of EC-Earth for the CORDEX South American domain performed by the Rossby Centre Atmospheric regional model (RCA4, Samuelsson et al., 2011) , which has been used in climate studies over South America for the CLARIS and CLARIS LPB projects (http://www.clariseu.org/). EC-Earth is known to simulate slightly colder and drier average conditions for the present day in most of South America (Hazeleger et al., 2012) . In an inter-model comparison, a previous version of the RCA model has been shown to capture relatively well the seasonal cycle of temperature over three Brazilian regions, and to reproduce the main spatial distribution (Menéndez et al., 2010) and seasonal cycle of precipitation over the area (Solman et al., 2013) .
Here we first evaluate the model ability to reproduce the fire risk and its drivers during the peak fire season. As the model is found to be fit for this study, we then analyze the evolution of fire from the present until the end of the 21st Century. We focus on the future Representative Concentration Pathway (RCP) 4.5, which corresponds to a medium mitigation scenario covering the period 2005 -2100 (IPCC, 2013 . Fire danger is then assessed based on the so-called Meteorological Fire Danger Index (Sismanoglu and Setzer, 2004) , that was developed in CPTEC/INPE, the Brazilian Center for Weather Forecasting and Climate Research at the Brazilian National Institute of Space Research. The last 30 years of the historical run will finally be compared against two 30 year-periods of scenario RCP4.5 (2021 RCP4.5 ( -2050 RCP4.5 ( and 2071 RCP4.5 ( -2100 , paying special attention to changes in extreme classes of meteorological fire danger, the ones producing more devastating ecological and socio-economical impacts.
Data and Methods

Area of study
The analysis in the present study will focus on the Brazilian regions of savanna, woody savanna, and open and closed shrublands, where the highest number of fire events takes place (Davidson et al., 2012) . Information on vegetation types over Brazil, required to assess fire risk, was obtained from IGBP's classification adapted for Brazil by INPE for the year 2005. As shown in Fig. 1 , the original map (provided in a 1 km 1 km grid) was resampled to the model resolution (described in the next sub-section) by nearest-neighbor interpolation.
Meteorological Fire Danger Index (MFDI)
The assessment of fire risk relies on the so-called Meteorological Fire Danger Index (MFDI), which was internally developed at CPTEC/INPE based on the occurrence of hundreds of thousands of fire events in the main Brazilian biomes (Sismanoglu and Setzer, 2004) . MFDI is operationally used at CPTEC (http://www.inpe.br/queimadas/) to assess fire danger and the aim of the index is to represent how predisposed vegetation is to be burned on a given day. The rationale is that the longer the time without rain, the higher the risk of vegetation to burn; defoliation (that depends on vegetation type), maximum temperature and minimum relative humidity are also taken into account. Wind speed is not included because it is a condition for fire spread, not fire ignition.
Computation of MFDI is based on information about vegetation cover and on daily values of the maximum temperature (henceforth referred to simply as T), minimum relative humidity (RH) and accumulated precipitation (P). First, the so-called Drought Day (DD) index is evaluated for each day based on the product of 11 precipitation factors that take into account cumulated rainfall over 11 preceding periods:
where b i and P i are respectively the decay factor and the accumulated precipitation for period i. Ranges and values of the decay factors for each period considered are given in Table 1 . Each precipitation factor takes the form of an exponential decay and the aim is to reduce fire danger for higher volumes of rain in specific events and to attenuate the effect of precipitation as it occurs further in the past.
The so-called Base Danger (BD) is then estimated for each day by combining DD for that day with a sinusoidal curve that represents the effects of the phenology for the different vegetation types: The form of the curve reflects the phenology of vegetation, that tends to follow the sinusoidal variation of intensity and duration of light along the year. The rationale of BD is that for the same value of DD, the fire danger is higher e.g. for a pasture than for a forest. Effects of relative humidity and air temperature are also taken into account, for each day, by means of the so-called Humidity Factor (HF) and Temperature Factor (TF), respectively defined as
and
Fire danger increases when relative humidity is below 40% and decreases when it is higher, whereas temperature has a linear effect, in which the fire danger increases with temperature values above 30°C and decreases with lower values.
For each day, the value of MFDI is finally obtained by multiplying the Basic Danger by the Humidity and Temperature Factors:
MFDI BD HF HT =´´(5)
MFDI is dimensionless, and varies between zero and slightly above unity. MFDI is then stratified into five classes, from low to critical levels, as specified in Table 2 . A more detailed description of MFDI and its components may be found in Setzer and Sismanoglu (2012) .
For all three study periods (1976-2005, 2021-2050 and 2071-2100) , daily values of DD, BD, HF, FT and MFDI were computed for all pixels over the study area covering the Brazilian regions of savanna, woody savanna, and open and closed shrublands.
Fire risk in the present
In order to evaluate the skill of the model in capturing the main patterns associated with fire risk in Brazil, we first analyze the main spatio-temporal patterns of observed T, RH and P, and the corresponding fire risk, calculated as described in the previous section. Daily fields of T, RH and P were extracted from ERA-Interim Reanalysis (Dee et al., 2011) at 0.1 degree spatial resolution, for the period 1979-2005, in order to match the last years of the historical simulation. All fields were aggregated to the 0.44°rotated grid over South America corresponding to the CORDEX South American (SAM) domain.
Regional climate model and simulations
Simulations were obtained from the regional downscaling of the EC-Earth climate model for the CORDEX SAM domain, by the Rossby Centre Regional Climate Model (RCA4) , Samuelsson et al., 2011 . The EC-Earth uses the Integrated Forecasting System (IFS) model to represent the atmosphere, the Nucleus for European Modelling of the Ocean (NEMO) model for the ocean, the Louvain-la-Neuve Sea Ice Model (LIM) model for the sea-ice, the Tiled ECMWF Scheme for Surface Exchanges over Land with revised land surface hydrology (HTESSEL) for the continental surfaces and vegetation, and the global chemistry Transport Model (TM5) for the atmospheric chemistry (although with no interactive coupling). Details about EC-Earth may be found in Hazeleger et al. (2012) and a detailed description of a previous version of the RCA model (RCA-3) is provided by Samuelsson et al. (2011) . The new version includes information about soil properties, a new lake model and an improved hydrology (Berg et al., 2013) . Vegetation in the model is used mainly as boundary condition to the atmosphere-surface physical exchanges, and is represented in a rather simplistic manner, based on the GLCC dataset derived from one year of AVHRR data (Loveland et al., 2000) . Therefore, following the same procedure as in Section 2.3, we use the IGBP's map to calculate fire risk, as it is better suited for Brazil. This implies, however, that in the future simulations, vegetation is assumed to remain static, rather than responding to climate change, and thus the changes in fire risk simulated are due to changes in climate only.
Simulations are performed in a 0.44°rotated grid over South America. Daily values of surface temperature, relative humidity and precipitation were extracted and selected for the study area for two simulations: i) The recent historical period, performed for the years 1956-2005; ii) The 21st Century (2006-2100), using the pathway RCP4.5, an intermediate mitigation scenario in which radiative forcing stabilizes at 4.5 W/m 2 in 2100, assuming that technologies and strategies will be adopted for reducing greenhouse gas emissions (IPCC, 2013) . Choice of a moderate scenario is to mitigate the drawback of using a static vegetation cover, which prevents taking into account the feedbacks of fire events on vegetation cover, that are expected to be much stronger in more severe scenarios such as RCP 8.5. On a first step, we analyze the performance of the RCM in reproducing the main spatiotemporal variability patterns of the climate drivers of fire risk during the peak of the fire season. As ERA-Interim is only available from 1979 onwards, and the calculation of fire risk on a given day requires information about precipitation during the preceding months, the comparison of modelled and observed fire risk patterns was performed for the period common to the observations and the historical period, i.e. 1980-2005. To analyze the evolution of fire risk (and its drivers) over the 21st Century, we select three 30-yr long periods, the first one located at the end of the historical period and the remaining two covering the last 30 years of the first (2021-2050) and the second (2071-2100) halves of the 21st Century.
Results and Discussion
Validation of fire danger simulated by the model
The mean annual cycles of temperature, relative humidity, cumulated precipitation and fire danger over the study area during the 26-year period 1980-2005 were computed both for observed values (as evaluated by ERAInterim) and for modelled values (as simulated by RCA4-EC-Earth), shown in Fig. 2 . First, daily values of each variable were spatially averaged over the regions covered by savanna, woody savanna, and open and closed shrublands. Mean values of temperature, relative humidity and fire danger and values of cumulated precipitation were then computed for each month and year. Finally, for each month, values of inter-annual mean and of standard deviation were computed for each variable. All time series present strong seasonality, the austral summer months showing to be associated with high values of both relative humidity and precipitation (the rainy season) and with very low values of fire danger. The higher values of the latter take place in August and September (the dry season) and are consistent with the increasingly warmer and drier conditions (Machado et al., 2014) that occur along that period of highest observed fire activity and largest recorded values of burned area (Libonati et al., 2015) .
Systematic deviations are worth being noticed between observed and modelled values of all variables, namely a negative bias of about 2°C along the whole year of both modelled temperature and fire danger relative to the observed ones and a positive bias of both simulated relative humidity and precipitation. This tendency for a rainier modelled annual cycle is consistent with the modelled wetter cycle, which in turn is consistent with the colder simulated cycle, i.e. with a weaker capacity of the atmosphere to retain water vapor. Finally, the lower danger for the modelled annual cycle is consistent with the colder, wetter and rainier simulated cycles. The modelled cycles also present a weaker inter-annual variability for each month than the observed cycles, which translates into lower values of monthly standard deviations of the simulated time series.
The month of September is especially conspicuous in terms of agreement between modelled and observed distributions of fire danger as well as of relative humidity and precipitation. As this period coincides with the peak in fire risk and in burnt area (Libonati et al., 2015) , our analysis will focus on this month. The spatial distribution of the dif- ference between model and observations in September (not shown) reveals an east/west gradient, with fire risk being underestimated in the east and along the coast, progressively increasing towards the north-west of the region. This is largely due to overestimation of precipitation and relative humidity in the eastern areas and along the coastline, the two variables being underestimated in the interior and western areas. Nevertheless, in most pixels the differences are relatively small, with more than two thirds of the pixels showing absolute differences between modelled and observed values of fire danger lower than 0.2.
Evolution of climate variables
To better understand how meteorological drivers of fire are expected to evolve in the coming decades, the monthly mean values of temperature and relative humidity over the study region were calculated for the complete period of the historical run and the 21st Century (2006-2100), using the pathway RCP4.5.
As shown in Fig. 3 , during the historical period (solid lines) the model estimates a small increasing trend for temperature, and more variable patterns of relative humidity, which shows only signs of a persistent decreasing trend after the 1990's. For RCP4.5 (dashed lines), the model estimates a steady increase in temperature of about 2°C over the Century, accompanied by a decrease of relative humidity of about 2%. These results are in agreement with previous works (Grimm and Natori 2006; Marengo, et al., 2010 , Sánchez et al., 2015 that performed evaluations of regional climate models over South America, showing an overall increase of temperature and a decrease of precipitation over central and eastern regions of the Amazon and Northeast Brazil. Low values of relative humidity cause fuels to dry out and become more flammable, and temperature is one of the most important factors when estimating fire risk considering that the higher the temperature the easier to ignite fuel (Pereira et al., 2013) . (Fig. 4 -bottom left panel) for the historical period is consistent with the annual cycle of burned areas as described by Libonati et al. (2015) , with very low values from December to April, increasing from May onwards and peaking in September. When comparing with the seasonal cycles for the two future projections, there are no distinguishable differences, which points to a negligible contribution of precipitation to possible changes in fire danger.
Evolution of meteorological fire danger
The HF component (Fig. 4 -upper right panel) presents a marked seasonal cycle, consistent with the dichotomy wet/dry season, peaking between September and October. When compared with HF, the TF component (Figure 4 -upper left panel) has a weaker seasonal cycle superimposed on a relatively high annual mean, with lower values during the austral winter (JJA) and increasing until October. A response to the climate forcing is observed for both TF and HF, but considerably higher for TF. While HF presents higher sensitivity to forcing from August to October, and a faster increase during the first half of the 21st Century (from 1976-2005 to 2021-2050) , TF presents a similar increase of about 0.2 for the entire seasonal cycle and for each of the future periods.
As expected from the seasonal dynamics of the factors that compose the index, the annual cycle of MFDI (Fig. 4 -bottom right panel) presents values close to zero during the wet season (January to April), increasing until the peak in September and decreasing rapidly afterwards. Again, these results are consistent with those achieved by Libonati et al. (2015) . The response to the climate forcing is registered mainly between July and October, but it is more pronounced in the peak month, i.e. September. (Table 3 ).
The spatial distributions over the study area of mean values of MFDI for September are shown in Fig. 5 for the 30-yr study periods: the end of the historical period (1976-2005, left panel), and 2021-2050 (middle panel) and 2071-2100 (right) from the RCP4.5 simulation. For the historical run, a cross-continent region parallel to the Arc of Deforestation can be identified with mean values of MFDI greater than 0.70, i.e. with above than medium levels of meteorological fire danger ( Table 2 ). The two periods of the RCP4.5 simulation indicate in turn a widespread increase in mean values of MFDI from high to critical levels of meteorological fire danger over the above-mentioned region parallel to the Arc of Deforestation. analyzed trends in global wildfire potential in a changing climate.
The expected increase in severity of the fire season may be assessed by analyzing changes in the frequencies of occurrence of the five classes of meteorological fire danger (Table 2) paying special attention to changes in classes of higher danger that favor the onset of large fire events. Fig. 6 shows the present of MFDI classes calculated on a pixelby-pixel basis and their corresponding evolution over the 21st Century. A systematic increase of days of critical fire danger is projected, from about 20% in the present to 28% in 2021-2050 and 32% in 2071-2100. The remaining classes present a decrease over the course of the Century, with the larger decreases observed for the regions that present moderate to high fire risk in the present.
Concluding Remarks
This feasibility study intended to evaluate the applicability of using outputs from a Regional Climate Model (RCM) combined with a regionally-fit fire index to evaluate meteorological fire danger patterns in the Brazilian savannas and shrublands. The RCM (RCA4 forced by ECEarth) was able to reproduce the main seasonal patterns of fire occurrence in this region, and allowed evaluating the sensitivity of fire danger to the expected changes in the driving climate variables.
In this study, a systematic increase in the critical class of meteorological fire danger is observed in Brazilian semi-arid biomes throughout the 21st Century, for an intermediate scenario of climate change. The higher fire danger expected in the future mainly results from the increase in maximum daily temperature that reaches about 2°C between 2005 and 2100.
The less marked role of humidity and precipitation may be attributed to the fact that vegetation (i.e. fuel) in these biomes is already quite dry during the fire season, turning the decrease in relative humidity and precipitation less determinant for future fire behavior. This may not be the case for other biomes in Brazil, such as the Amazon forest.
The simulated spatial distribution patterns of meteorological fire danger over the projected future point towards an overall increase of danger over a large area along the Arc of Deforestation. This increase together with the intensification of occurrence of classes of critical meteorological fire danger supports the likelihood of more severe fire seasons in savanna and shrubland regions in Brazil along the 21st Century.
It is worth noting that, in order to account for possible biases or other error sources, a comparison of fire risk simulated by a set of models, rather than one, would allow estimating the uncertainty range of the future fire risk trajectories, and their dependence on changes in meteorological variables. Although the model performs relatively well during the peak fire season, there are important biases in the driving climatic variables, which may affect future projections of fire risk. Furthermore, the vegetation map used in this study was static, which is not realistic because vegetation is also expected to respond to changes in both climate and fire danger. Feedbacks between fire regime changes and vegetation cover have to be taken into account. In fact, fire is known to control the forest/savannah/grassland gradient (Staver et al., 2011) and, therefore, an increase of fire frequency, area or intensity might induce changes in vegetation composition in these regions. This could be taken into consideration by using dynamical vegetation models forced by future climate conditions, which are able to simulate changes in fuel structure and dryness and vegetation composition in response to both future climate and fire.
These two aspects are, however, beyond the scope of this work where the main goal was to assess the future changes in potential fire activity that can be expected from changes in climate variables due to human-induced climate change. Future work may include performing a more thorough validation/verification of the RCM RCA4-EC-Earth, and expanding the present study to other future scenarios and biomes, particularly the Amazon forest. and in scenario RCP4.5 (2021 RCP4.5 ( -2050 RCP4.5 ( and 2071 RCP4.5 ( -2100 
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